Fluorine chemistry has always had a very close relationship with the nuclear industry. Although the first mention of fluorspar was recorded in the sixteenth century, and the fundamentals had been well-developed by the Second World War, it was only during the Manhattan Project (Banks et al., 1994) , when almost unlimited funds were made available for the large-scale industrialization of fluorine and related compounds, that the technology took off. Expertise in both the chemistry and the engineering aspects of fluorine is essential for the design and running of several of the unit processes in the nuclear fuel cycle.
Hydrogen fluoride and elemental fluorine
The major barrier to entry into the fluorochemical industry is the ability to manufacture and, in general, to handle fluorine and its precursor, hydrogen fluoride. Both are extraordinarily difficult and dangerous substances with which to work.
Hydrogen fluoride (HF) is produced by the reaction of fluorspar (calcium difluoride) with sulphuric acid:
The reaction is endothermic and reactors are generally run at temperatures above 200°C. HF is a clear liquid, with a boiling point of 19.6°C. It readily dissolves in water and, in its aqueous form, is known as hydrofluoric acid. Unlike the other common mineral acids, it is weak acid, thus does not readily deprotonate. Hydrofluoric acid is distinguished by its ability to dissolve glass, and as a consequence cannot be used in ordinary laboratory glassware.
Both hydrogen fluoride and hydrofluoric acid are enormously hazardous substances (Bertolini, 1992; Smith, 2004) . Upon contact, human skin is not immediately burnt by the action of the hydronium ion; rather, because of the small size of the HF molecule, it diffuses through the skin and precipitates and inactivates biological calcium and magnesium subcutaneously, causing tissue necrosis. The wounds are extremely painful, and difficult to treat. In general the dead flesh has to be Fluorine: a key enabling element in the nuclear fuel cycle by P.L. Crouse
Synopsis
Fluorine -in the form of hydrofluoric acid, anhydrous hydrogen fluoride, elemental gaseous fluorine, fluoropolymers, volatile inorganic fluorides, and more -has played, and still plays, a major role in the nuclear industry. In order to enrich uranium, the metal has to be in the gaseous state. While more exotic methods are known, the standard and most cost-competitive way of achieving this is by means of uranium hexafluoride (UF 6 ). This compound sublimates at low temperatures, and the vapour is enriched using centrifugal processes. The industrial preparation of uranium hexafluoride requires both elemental fluorine gas and anhydrous hydrogen fluoride (HF). HF is prepared by the reaction of sulphuric acid with fluorspar (CaF 2 ). Fluorine gas in turn is prepared by the electrolysis of HF. Yellowcake is first converted to uranium tetrafluoride (UF 4 ), using HF, after which the compound is treated with fluorine to yield UF 6 . After enrichment, the UF 6 is reduced to UO 2 for use in fuel elements in pellet form.
South Africa has the largest reserves of fluorspar internationally, and is the third largest producer after Mexico and China. Fluorine technology has many associated difficulties, because of the reactivity of fluorine and the toxicity of HF. The main barriers to entry into the fluorochemical industry are thus the abilities to produce both HF and F 2 . Both these substances are produced locally, at the industrial scale, at Pelchem SOC Ltd. Should South Africa contemplate developing its own nuclear fuel cycle as part of the awaited new-build nuclear project, it will be imperative to leverage the existing skills with respect to fluorine technology, resident at both Pelchem and Necsa, for this purpose. This paper summarizes the fluorochemical skills developed locally over the past several decades, and suggests strategies for maintaining the technology base and developing it for the next generation of scientists and engineers.
Fluorine: a key enabling element in the nuclear fuel cycle surgically removed, and a calcium gluconate solution injected into the tissue underneath the wound to prevent deeper diffusion of the HF. A typical HF wound is shown in Figure 1 .
HF is also very corrosive, and materials selection is critically important in the development of an HF-related industrial process.
Although HF was first synthesized in the eighteenth century, and was known to contain an element, it was only in the late nineteenth century that fluorine was first isolated. This was accomplished by Henri Moissan (Argawal, 2007) . Because it is a weak acid, anhydrous HF (AHF) does not conduct electrical current. Moissan's discovery was that the molten salt KF.xHF does indeed conduct electrical current and can be electrolysed. As a melt, e.g. with x=2, it dissociates and forms the equilibrium:
Moissan ( Figure 2 ) was awarded the Nobel Prize in Chemistry in 1906. Since the first isolation of fluorine, the electrolysis process has undergone a few technical changes, but has remained more or less static throughout the past few decades. Comprehensive descriptions of the technology can be found in Slesser and Schram (1951) , Rudge (1971), and Shia (2004) .
Fluorine itself is the most reactive element in the periodic table, and reacts with all other elements, excluding only the two noble gases helium and neon (Cotton et al., 2007) . In general the reactions of fluorine are highly exothermic, and because of its reactivity, materials of construction are of critical importance for safe operation. In general, expensive nickel-containing alloys are required. It should be noted that HF sells for US$1-3 per kilogram, while F 2 sells for US$15-20 per kilogram. The high cost of fluorine can be attributed to electrical requirements and the high maintenance costs of the electrolysis cells.
South Africa is richly endowed with fluorspar (Roskill, 2009) . Relative production and reserve figures are given in Table I . At present South Africa is the third largest producer of the ore, and has the largest reserves. China and Mexico, being closer to the larger international markets, are the two top producers.
A brief history of fluorine chemistry and technology (Ameduri, 2011)
A timeline for the major discoveries and developments in fluorine chemistry is listed below. and is essential in medicinal chemistry. At present there are more than 50 industrial producers of HF (Roskill, 2009) , the source precursor for all industrial fluorochemicals. Because of cost considerations, it is always preferable in practice to employ a synthesis route that uses HF rather than F 2 .
The nuclear fuel cycle
As indicated in Figure 3 , fluorine plays a critical role in several of the unit processes in the nuclear fuel cycle. Generally, the uranium arrives at the conversion plant in the form of U 3 O 8 . In order for isotope separation to be effected, uranium is required in the form of a gaseous compound. This compound is UF 6 . U 3 O 8 is converted to UF 6 in a three-step process, each requiring its own plant. The oxide is first converted to UO 2 in a hydrogen atmosphere, according to the reaction [3] Note that U 3 O 8 is a mixed valence oxide, thus reduction of a single U +6 to U +4 takes place. Subsequent to this, the uranium dioxide is converted into uranium tetrafluoride in the substitution reaction:
Finally, the uranium tetrafluoride is fluorinated to the hexafluoride, using elemental fluorine gas:
Enrichment now takes place, with fissionable U 235 separated from U 238 . This is normally done by centrifuge technology. The enriched uranium is used as solid uranium dioxide. There is more than one way of carrying out the reduction. A standard method is in a hydrogen-fluorine flame reactor. The high temperature is needed to initiate the reaction, given as [6] Solid uranium dioxide powder is pressed into pellets which are housed in Zircalloy tubes. These are bundled into fuel elements (in the case of pressurized-water reactors) ready for use.
UF 6 is itself a powerful oxidant and fluorinating gas. Materials of construction for plants handling UF 6 are thus similar to those for plants that have fluorine as reactant or product. Seals, filters, bearings, etc., are machined from various fluoropolymers, predominantly polytetrafluoroethylene (PTFE). Being fully fluorinated, PTFE is resistant to attack by fluorinating agents (Drobny, 2009; Ebnesajjad, 2013) .
For comprehensive information about the nuclear fuel cycle, the reader is referred to Barré and Bauquis (2007) , Kok (2009 ), Konings (2012 , Tsoulfanidis (1996) , Wilson (1996) , and Yemelyanov (2011).
South Africa's fluorochemical capability
Highlights in the history of South African fluorochemical technology platform (Naidoo, 2015) are listed below. ➤ Nuclear conversion starts at the Atomic Energy Corporation (AEC) (now the South African Nuclear Energy Corporation, Necsa) in the 1960s ➤ Anhydrous hydrogen fluoride (AHF) and fluorine (F 2 ) are required for uranium hexafluoride (UF 6 ) production. AECI acquires the technology in the 1970s ➤ AECI stops producing AHF in 1984 ➤ Necsa commissions an HF plant in 1985
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The Journal of The Southern African Institute of Mining and Metallurgy VOLUME 115 OCTOBER 2015 ▲ Fluorine: a key enabling element in the nuclear fuel cycle SARChI) , one at the University of KwaZulu-Natal (UKZN) and one at the University of Pretoria (UP). At present Necsa and its wholly-owned subsidiary Pelchem SOC Ltd are the main centres of South African fluorochemical expertise, along with two university chairs, one at the University of KwaZulu-Natal (UKZN) and the other at the University of Pretoria (UP). Pelchem runs a commercial 5000 t/a HF plant. Figure 4 shows a photograph of the rotary kiln HF reactor.
The company also operates some 20 fluorine electrolysis cells ( Figure 5 ).
Pelchem supplies a range of fluorine products to the local and international markets. These include xenon difluoride, nitrogen trifluoride, various organofluorine compounds, perfluorinated alkanes, and a variety of inorganic fluoride salts.
Although a full fuel cycle existed on the Pelindaba site, it was abandoned in 1995. The technology in effect does not exist anymore, and if a new fuel cycle is to be established in South Africa, it will have to be a start-up from scratch rather than resuscitation of the old technology. Should this come to pass, our fluorochemical expertise, both existing and under development, will be invaluable if not essential. This will be 
The road ahead
Since the inception of the Fluorochemical Expansion Initiative (FEI), South Africa has made considerable inroads into the development of its fluorochemical capability. The Necsa research effort has been strengthened and expanded, the SARChI Chair at UKZN has been extremely productive regarding research into various thermodynamic aspects of industrial fluorochemical processes, UP is developing a fluoropolymer capability, and Pelchem SOC Ltd has commissioned a new pilot plant, known as the Multipurpose Fluorination Pilot Plant (MFPP). The next few years are critical. A number of things need to happen for the South African research and development effort to continue progressing, and for the technology to be leveraged for the nuclear build plan. These are: ➤ The next phase of FEI needs to be commercially successful, with visible new products ➤ The new cohort of scientists and engineers, trained via funding by FEI, SARChI, and the Advanced Metals Initiative (AMI), have to find employment in the fluorine/nuclear industry ➤ The decision about the nuclear new-build programme has to be taken sooner, rather than later. Within the next 5-7 years the majority of the last generation of Necsa senior scientists and engineers will have retired ➤ The current postgraduate training programme has to be accelerated, with Necsa senior scientists retained for co-supervision of dissertations and theses.
